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1 NATIONALADVISORYCOMMTITE3

TWECKICALN(2TE2518

CW’I!EUONSFORCONDENSMUON-FKDZFU)WINSUl?EIWONIC

ByWarrenC.Burgess,Jr.and

SUMMARY

FerrisL.Seashore

Theresultsofaninvestigationofwater-vaporcondensation
shocksintheairpassingthroughsupersonictunnelsarepresented.
Criterionsforcondensation-freeflowareestablishedbycorrelating
experimentalobservationswiththeTolmertheoryofnucleiforma-
tion.ExperimentalobservationsweremadeatWch numbersupto
2.01.Thecriterionsarepresentedina formindependentof
tunnel-isletstagmtionpressureandareextendedtheoreticallyto
a Machnumberof4.00.Erellminaryevid6nce& theeffectoftun-
nelsizeonthecriterionsispresented.

IZ’TIRODUCTION

Whena midureofwatervaporandairisexpandedbeyondsat-
umtionconditionsinpassingthrougha supersonicw3ndtunnel,a
changeofphaseofthevaporresultingh a nonisentropicdiscon-
tinuityoftheflowisoftenobserved.Thediscontinuityis
refereedtoasa “condensationshock.” Condensationshock,asused
herein,however,refersonlytothatregionoftheairstreamin
whichtheincreaseinstaticpressureaccompa@ngphasetransition
ofthewatervaporismeasurable.

Thechangeinstatic-pessuredistribution,M i.toccursin
thenozzleofa supersonictunnel,isindicativeofa deviation
fromtheorderedeqamsionoftheflow.ThedesignaFtheenm3ng
partofthenozzleistherebyinvalidatedandnonparallelflow
existsatthenozzleoutlet.Nonprallel-floweffects,acco@an@ng
condensationshocks,havebeenproventocomplicatetheinterpreta-
tionofaerodynamicdata(reference1).

A theoryfortheformationofcondemnationnucleithatappears
tobeapplicabletothetreatmentofcondensationshocksispre-
sentedbyVolmerinreference2. Thistheoryismodifiedherein
andusedinconjunctionwitheqertientalinvestigationsmadeat
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2 NACATN2518

theNACALewis”laboratoryinordertoestablishcriterionsfor
condens.ation-freeflow.Thecriterionsarepresentedina form r,
independentoftunnel-inletstagnationpressure.Thephysical
phenomenarelatedtothecondensationareImieflydiscussed.

. g
ANALYSIS

Thepartialpressureofa va~r pv expandedthrougha super-
sonictunnelmaybeassumedtochangeinaccordancewiththeadia-
be$icgaslaw.Thesatumtion-vaporpressurepm, however,may
beassumedtochangeinaccordancetiththeClausius-Clapeyron
relation.Duringexpansionoftheairthrougha tunnel,the
partialpressureofthevaportherdoredecreasesasa powerfunc-
tionofthetemperature,whereasthesatumtion-vaporpressure
decreasesasanexponentialfunctionofthetemperature.Thus,
withadiabaticexpansion,the@rtial
exceedthesaturation-vaporpressure;
resultsina supersaturationofvapor
Thisconditionmayberelievedbythe
exoessvaporintotheliquid~haseas

A requisitefortheformationof

pressure‘d thevapormay
thatis, ~1~ >1, which
fora giventempmature.
transformationcfthe
droplets.

dropletsIsnucleiupon
whichvaporcancondense.A commonSOH= ofnucleimay.b~the
hygrosoopicsubstancesintheatmosphere.Ina sup~sonlctunnel,
howevm,theamountofvqorcondensingonsuchavailablenuclei
durhgtheirrapidpassagethroughthetunnelwascalculatedtobe
negligiblebyOswatitsch(reference3). CondensationofWter
vaporb theabs~ceofforeignnucleihasbeenobservedwiththe
Wilsonoloudchamber(reference4). Inthisraferenceithasbeen
postulatedthataggregates& watermoleculesformtherequires
condensationnuclei.Becauseheavycondensationshockshaveoften
beenobservedinsupersonictunnels,nucleiofthistypemaybe
assumedtoexistat,orjustpriorto,thecondensationshock.

Ina systemwhereaggregates& watermoleculesarecontin-
uallyformingandbrealdngup,anaggregatecentinuallygrowsif
thevapor~essureatthesurfaceoftheaggregateislessthanthe
~ial pressure& thevaporinthesurroundingatmosphere.At
equilibrtmtheradiusofthedropletisdefinedintermsd the
partialpressure& thevaporandthesaturation-vaporpressureby
theThamsonrelation(referenoe2,p.19):

2Smr=—— 1 (1)
PzH 10ge(Pv/l=)
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where

.

m
U3s

r rd_iusaCa~egate,centtieters

s surfacetensionofliquid,dynes/centimeters

densityofliquid,grams/cubiccentimeter‘z
m molecularweightofvapor,gmms/mole

R universalgasconstant,joules/(°C)(mole)

t absolutetemperature,%

Pv/~ ~tioof~ial press~eofwportosaturation-vaporpres-
sureinequilibriumwithinfiniteliquidsurface

A theoryfordeterminingthemte ofnucleifomationis
advancedbyVolmer(reference2)0 Itisassumedthataggregates
ofthesizedefinedbyequation(1)arethecondensationnucleiof
thesupersonicstream.Volmerts
tothefollowingmoreconvenient

logeJ = 10~e 9.589X 1025+

equationismodifiedinappendixA
expression:

-e[(%Y.El/27] +

2 10&!ePv/Pm- 17.558()33 (10gepv/~)-2(2)

Irhere

J rateofformationofnuclei,numberpersecondpercubic
centimeter

(AllsymbolsusedhereinaredeftiedinappendixA.)

TheestimatedvariationalKE withtemperatureisdiscussed
inappenilixB andpresentedinfigure1. Thesaturation-vapor
pressuresp forsupercooledwaterweredetendnedfroma relationm

—-— —-— -—— -—..— ———_____ — —.
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byOsborneandMeyers(seereference5). Thedensityofwater,
usedtothe2/3powerinthesecondtermcd’therightsideofequa-
tion(2),wasobtainedbyextrapolationofthemeasuredvalues
giventireference6. Becauseoftheslightchangeindemitywith
temperature,theeffectofanyerrorinthedensity(usedtothe
2/3yower)onthevalueof logeJ wasconsidmednegligible.The
variationaP logeJ d?equation(2)withvapor-pressureratio
(expressedas logePv/.P@)forselectedisothemmispresentedin
figure2. Thesensitivitycdthenucleiformationratetothe
vapor-~essweratioischaracterizedbythesteepsloyesd the
isothems(fig.2);forexample,fora gastempe=tmeof-54.4°l?,
a changeinnucleiformationratefrom1 to20,000persecond
percubiccenttietercorres~ondedtoa changeinvapor-pressure
ratiofrom10.3to13.2

b ordertoassociatethe‘relationaffigure2withthePQP-
ertiesofa gasflow3ngthrougha supersonictunnel,curvesAB
and BC arepresented.H theteqeratured theairenteringa
supersonictunnelisticreased,thevaporpressurespv inthe
tunnelrematiconstantbutthesaturation-vaporpressurespm
change.Theresultingrelationbetweenlocalstreamtemperaturet
andthequantityloge(pV/pm)ata givenlocalMachnumberis
illustratedbycurveAB (directedfrom A to B). Themte of
nucleiformationatthestation,endhencethetendencyforcon-
densation,isdecreased.H, havingreachedtheconditionscor-
responMngto B forthegivenstation,thehumidityandthetem-
~ezatureoftheinletairarematitatiedconstantandflowcondi-
tionsathigherMch numbersfartheralongthetumnelareconsid=ed,
thecurve30 isindicativeoftheaccompanyingtrendintheten-
dencyforcondensation,thevalueof J.increasingwithanincrease
inMachnwnber.Thus,H thevalueof J requiredforcondensation
isattained.inthetunnel,increasingthetemperaturelowersthe
J valueatea~hstationande-ion toa higherMachnumberis
requiredbeforethecriticalJ isagainreached.Theexperi-
mentalproblemistodetermineJ forcondensation-freeflow.me
expertientaldatainfigure2 arepresentedlater.

Thetunnel.system(fig.
Thespecfiichumidityofthe
specifichumidityof0.00025

Iu+mmus

3)isa nonretumsteady-flowtype.
inletaircanbevariedfroma minhum
poundperpoundofdryairtoa specific

.
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hwid.itycorrespondingtosatmation.The@et-airdewpoints
(hereinaftmcalleddewpoints)weredeterminedtowithin~.5°1?
bystiultaneousused a continuouslyindicatingelectronicdew-
pointmeter(rderence7),amanuallyoperateddew-pointmeter,and
aneqansion-typedew-pointmeter.TheNet-airstagnationtem-
~erature(hereinaftercalledinletteznpenture)canberegulated
from40°to250°F bymeansofthermostaticcontrolsandwasmeas-
uredwitha 5/16-inchaspiratingthermocouple(rtierence8)anda
self-balancingpotentiometertowithin+0.5°F.

Tunnelstith3.4-by3.4-inchand4-by10-inchtestsections
wereusedintheinvestigations.Threeinterchangeablenozzles
wereavailableforthe3.4-by3.4-inchtunnel.Onenozzlewas
designedfora Machnumberof2.00witha straightdivergingwall
(includedangleof3.50°).The@roatwasfairedintotheplane
diverging-wallsectionbyuseofanarbitraryradius.Thisnozzle
installationisshowninfigure4(a).Theothertwonozzleswere
designedbythesource-flowmethod(reference9)forMachnumbers
of2.01and1.45(figs.4(b)and4(c),respectively).Thenozzle
usedinthe4-by10-inchtunnelwasalsodesignedbythesource-
flowmethodfora Wch nmberM 2.00(fig.4(d)).Anappro~te
correctionforviscosityeffectswasmadeinthedesignd the
source-flownozzlesinordertoattainthedesignMachnumberin
~ctice.

EachtunnelwasequippedwithwallorificesaCappro~tely
O.013-inchdiameterthroughouttheeqandingsurfacesandside
plates.Typicalside-plateinstrumentationispresentedh fig-
ure4(e).Theorifices,aswellasthepitotrakeslocatedatthe
inletandtheoutletofeachtunnel,werecoupledwithmultiple-
tubemercurymanometersthatcouldbesimultaneouslyphoto~phed.
Thechangeinheightofanymercwycolumncouldbereadtothe
nearest0.005inchbymeansafspecialviewers.Theorificesof
the4-by10-inchtunnelcouldalsobecoupledwitha multiple-
tubeoilmnometer,onwhicha changeincolumnheightcorrespond-
ingto0.0006inchofmercurycouldbedetected.

RESULTSANDDISCUSSION

Condensation-FreeCriterions

we Increaseinstaticpressureofa supersonicstream
passingthrougha condensationshookistheoreticallypredictedin
appendixC andisexpertientallyes’cablishedinreference1. This
increaseinstaticpressurecanbeusedtodeterminethelocation

.—
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ofa condensationshockina supersonictunnel.Anexampleofthe
experimentaltitsusedindeterminingtheshocklocationisshown
infigure5. Thevariationinstatic-wessureratiop/P.tith
inlettempemtureTo atonearbitrarystationina supersonicnoz-
zleispresentedfora dewpointof560F. (Dewpointisdefined
asthetempe=tureatwhichtheliquid,orsolid,andvaporphases
coexistfora givenpartialpressured thevapor.Temperatures
forthermainderofthereportwillbegiveninEnglishunits.)
Theshockwasmovedalongthenozzleinthedirectionofincreasing
Machnumberbyraisimgtheinlettemperature.Ataninlettemper-
atureof160°I’(pointA infig.5),a minimumstatic-pressure
ratiod 0.201wasreachedandallmeasurableeffectsofthecon-
densationshockweredownstreamofthestation.An inlettempera-
tureof160°1?istheminimumrequiredforcondensation-freeflow
atthegivenstationanddewpointandisdesignatedthecritical
temperatureTc.

H thecriticaltemperaturecorrespondingtoeachstation
throughoutthesupersonicnozzleandthetestsectionofa tunnel
isestablished,thepositionofthecondensationshockasa ftiction
oftheinlettemperatureisdetemineti.Criticaltemperatureswere
obtainedatstationsthroughoutthenozzlesal?the3.4-by3.4-inch
tunnelbyvaqingtheinlettemperatureandmaintaimhgthedew
pointconstantat18°to23.5°,49° and56°tl”I’(table1,inves-
tigations1,2,aniL3,respectively.Thesecriticaltemperatmes
are~resentedinfigure6asa function& theeqertientalMach
numbersmeasuredatthetunnelstations.Theconditionsrequired
forcondensation-freeflowata givendewpointmustfallbelow
thecurvecomespondingtothedewpoint.Theshockmovement
throughoutthetestsection@ thetunnelof1.45Machnmber
(3.4-by3.4-in.testsection)isp?esentedinfigure7 ina reamer
stiilartothatforthenozzles@ figure6fordewpointsof10.8°,
20.0°,26.8°,and44.5°F (tableI,investigations4,5,6,and7,
respectively).lhrecordingthemovementd theshockthroughthe
testsection,however,thelocationofeachatakion(referenced
fromthetest-sectioninlet)isused(fig.7)inpbce ofMachnum-
berbecausetheMachnumberthroughotithetestsectionisnearly
constant● Theshockwasmoveddownthenozzle(inthedirection
ofincreas@Machnwnber)andthrougha considerablepartofthe
constant-areatestsectionbyincreasi~theinlettemperature.
Aninlett=pemturewasultimatelyattainedatwhichtheshock
appearedtomoveSuaaenlyoutofthetestsection;thatis,the
criticaltemperaturesforthestationsdownstreamofthelast
observedshockpsitionwerereachedsimultaneously.Thisinlet
temperatureTs (fig.7)correspondstotheMta thatappearto
approachverticallines.

— . . ——— ———
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Thestreamtempemtureandtheva~r-~eseureratioandthus
thenucleiformationratecorrespmdingtocondensation-freeflow
inthetestsectionofthe3.4-by3.4-inchtumnelwereestablished
foreachinletstagnationtempentureT~ ‘offigure7 andare
presentedinfigure20 Thestreamtem~raturewasobtainedfrom
T~ andtheenergyrelation

(3)

whereM istheMachnumberatthetest-sectioninlet,Thevapor
pressureofwaterpm atthestreamtempemturewascalculatedby
meansofreference50 Thepartialpressureofthevapor~ atthe
test-sectioninletwasdeterminedbyusinga combinationofZalton’s
lawofpartialpressuresandtheperfectgaslaw.Thespecifichumid-
ity o inpoundsofwatervaporperpound

Pv
0= 0.6223—

P-Pv

ofdryairistherefore

(4) .

Measuredvaluesofinletpressureanddewpointwereusedtoobtain
theinletspecifichumidity.Anychangeinthespecifichumidity
priortothecondensationshockwasconsiderednegligible.The
streampressurep wasmeasuredwithwallor~ices.

Theexperimental~ocedureusedininvestigations4 to7
(tableI)inthe3.4-by3.4-inchtunnelwasalsousedforinves-
tigations8and9,whichweremadeata hhchnumberof2.00inthe
4-by10-inchtunnel.

Thecriticaltempemturesthroughouttheconstant-areatest
sectionarepresentedinfigure8. Thecurvesinfigure8 donot
appartoapproachverticalasymptotesasdothoseoffigure7,
butareinclinedwitha positiveandnearlyconstantslope.This
positiveslopeismoreinkeepingwiththenucleitheory@ con-
sensationthanistheinfinitesloped figure7,becauseasthe
streamtemperatureincreasesandtherateofformationcfconden-
sationnucleidecreasesitisreasonabletobelievethata &greater
time(andthusa greaterdistence)wouldberequiredforthecom-
pletionofthecondensationprocess.Anexplanationoftheappar-
entlyinfiniteslopecdfigure7maybethattheslopeoftest-
sectiondistancefora givenchangeininlettemperatureatthe
highdewpointsofinvestigations4 to7 istoo@?eattobe
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detectedina tunnelhavingthelimitedlengthofthe3.4-by
3.4-inchtunnel.Also,theboundary-layergrowth,knownto
havea ~eatereffectontheflowpropertiesinsmalltunnels
thaninlargetunnels,mayhaverestrainedthecondensationin
thetestsectionthroughanincreaseinthesaturationpressure
ofthevaporaccompan@ngthedecelerationoftheflow.

E thefirst14inchesoftestsectionofthe4-by10-inch
tunnelisconsideredtobethetestsection,andthenucleiforma-
tionratescorrespox tothecriticaltemperaturesat14inches
fromthetest-sectioninlet(fig.8)arecalculatedinthesame
wayaswasdonefortheinlettemperatureTs inthe3.4-by
3.4-inchtunnel,theaveragenucleiformationratecompareswell
withtheaverageraterequiredforcondensation-freeflowinthe
3.4-by3.4-inchtumnel(fig.2).

A condensation-free-criterionschartbasedontheVolmer
theoryfornucleiformationmaybeconstructedfromfigure2. The
ohartwillapplytotunnelscomparableinsizetothe3.4-by
3.4-inchtunnelandalsototunnelscomparableinsizetothe4-
by10-inchtunnelandhavingtestsectionsapproximately14inches
inlength.Theave=geofthesixexpertientallydeterminedvalues
of logeJ (fig.2)wasselectedasthecriterionforcondensation-
freeflowanddesignatedlogeJc. Thevariationafstreamtemyw-
aturewithvapor-pressureratiorequiredforcondensation-freeflow
(fig.9)correspondingtothiscriterionwasobtainedfroma cross
plotoffigure2at logeJ = logeJc.

Therelationbetweenthepropertiesofthetunnelairandthe
criterionmaybeilludmatedwiththecurveAB offigure2,as
presentedinfigure9. i%thegastemperatureata stationinthe
tunnelisinoreased(movingfranA to B),thecorresponding
decreaseb thedegreeofsaturationissuchthatthecurvepasses
totheleftofthecriterioncurveintotheregionofcondensation-
freeflow.

Therektiongiveninfigure9maybeexpressedintermsof
themoreconvenienttunneloperat~parametersoftemperature,Mach
number,anddewpoint.Calculationsweremadeforvariousvaluesof
streamtemperaturet andinlettempemtureT. TheMachnumber
correspaxlingtoanyselectedtfi wascalculatedusingequa-
tion(3).Fora givenvalueof t, loge(pV/&)wasobtainedfrom
figure9 andthesaturation-vaporpressurep wasevaluatedin
accordancewiththeOsborne-Meyerrelation(r%erence5). Henoe

——
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,
thepartialpressureofthevapor
justifiableinmostcases,istie

9

~ wasdetermined.Theassumption,
that~ and Pv arenegligible

comparedwith p and P, respectively,andthato isconstant.-
Itfollowsfromequation(4)that~/Pv = p/Y andthusthepartial
pressurec&thevaporatstagnationmaybecalculatedfromthe
isentropicrelation

A condensation-free-criterionschart
pressureafthevaporatthetunnelinlet

y-l
(5)

relatingthepartial
(expreasedasdewyoint),—

theinlettemperature,andthetest-sectionMachnumberforthe
tunnelsusedintheinvestigationreportedispresentedinfig-
ure10. TheinlettemperaturesareindicatedwithsolidLinesend.
thestrewntempenturesusedinthecalculationareshownas
dashedMnes. Althoughthepropertiesofsupercooledwaterwere
usedinthecalculations,frost-@ntratherthandew-pointtem-
peratureswereusedonthechartbelow32°3’,becausetheusual
dew-~ointmetersreadfrostpointinthisrange.

Theresultsoftheexperimentalinvestigationsusedindeter-
mx l~e Jc arealsopresentedinfigure10. Thenmbersby
thesymbolsindicatethemeasuredinletstagnationtem~erature.
Thedeviationoftheexperimentalvaluesof logeJ from logeJc
infigure2 correspondinfigure10toa~-pOid fluctuationsof
approximately*1.5°1?ortoinlet-temperaturechangesofapproxi-
mately+2°F.

Noassumptionwasmaderegard@tunnel-inletpresstieh the
calculationoffigure10,exceptthatthedewyointbemeasured
atthetunnel-inletpressure.Thepartialpressureofthevapor
(e~essedasdewpoint)-,thespecifichmidity,and.themixture
pressure(water-vapor~essureplusairpressure)arepresentedin
convenientforminfigure11inaccordancewithequation(4).
Frostpointsratherthandewpointswereagainusedbelow320F.
I?igure11combinedwiththecondensation-free-criterionechart
(fig.10)canbeusedtopredictthetunnel-inlet-airproperties
requiredforcondensation-freeflowinthetunneltestsectionfor
tunnelscomparableinsizetiththe3.4-by3.4-inchand4-by
10-inchtunnelsandoperatingovera rangeofinletpressures.
For example,considera tunneloperatingwithaninletpressure
of100poundspersqyareinchabsoluteandhavinga test-section

——. ~.. . ...__ .— ..._— —.-— — .-
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a

Machnumberof2.00.Assumethat,becauseoftheavailabledry5ng
appsra%us,themirdmnmspec5fichmidityoftheairat100pounds
persquareinchabsoluteis0.0002poundperpoundM dryair.
IWom figure11,a specifichumidityof0.0002correspondstoa dew
petita!?10.5°F ataninletpressureof100poundspersquare
inchabsolute.Fromfigurelb,theinletstagnationtearperature
(solidlines)correspondingtoa Jhchnumberof2.00anda dew
point@ 10.5°1?isapproximately228°l?.Thistempemturecor-
respondstotheminimumvaluerequiredforcondensation-freeflow
inthetunneltestsection.Inpactice,itwouldbeadvisableto
exceedtheminimumtemperatureasa protectionagainstthepossi-
bility@ localregionsofhigherMch number“triwering”the
condensationPcess.

Thecondensation-freecrit=ionsaffigure10werebasedon
investigationsmadeata Machnumberof1.45ina 3.4-by3.4-tih
tunmlandataMachnwnberaf2.00ina 4-by10-inchtunnelwith
a 14-inchtestsection.Anadditionalinvestigation(10,tableI)
atMachnwnber2.01anddewpoint17.3°F wasmadeinthe3.4-by
3.4-inchtunneltoascertaintheeffect& tunnelMachnumberon
theconiliticmnecessaryforcondensation-freefluw.An inl.et-
stagnationtempemtured 246°1?wasrequiredforcondensation-free
flowthroughoutthetestsectionascomparedwiththeinletstagna-
tiontemperaturepredictedinfigure10of243°F. Althoughone
iwestigationmaynotbeconsideredconclusive,itdoesindicate
thattheoreticalextensionofthedatafora Machnumberof1.45
ona basis& nuclei-fmm?ationtheoryisvaliduptoa Machnmdmr
of2.01.l?re15mirary unpublisheddataoftunnelsoperatedatsev-
eralMachnumbersuptoandincludinga ~ch numberof2.00and
havingsizesl;to2 timesthatd the4-byMl-inchtunnel,sub-
stantiate(~0°3’inletstagmtiontemperatefora givendew
pointandMch nmber)thechartoffigure10.

Scaleliffect

Theextensionoffigure10totunnelshavingtestsectionsof
considerablelength,however,requiresfurtherconsiderateion
becauseafthescaleeffectapparentinfigure8. Itwasfound
thatanincreaseintest-sectionlengthnecessitatedanincrease
ininlettemperaturetoavoidcondensation.The@rinse fiwet
temperatureperfootincreaseintest-sectionlengthforthe4-by
10-inchtunnel(MachnumberM 2.00)was5.3°and601?forinlet
dewpointsof-5°and-10°l?,respectively.Thisobserveds~le
effectageeswith~eliminaryunpublishedNACAdatafora tunnel
5 timesthesizeofthe4-by10-tihtunnel.

-.— —
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A scaleeffectwasalsonoticedintheUfferencebetweenthe
movementc&theshockthroughthenozzlesa?2.01l&chnumberof
the3.4-by3.4-tihtunuel(dewpoint17.3°l?)and2.00Machnum-
berofthe4-by10-inchtunnel(d,ewpoint190F),whichmaybe
attributetltotheMfferentmtes & expansionoftheflowinthe
twonozzlesandthetimerequiredforthecondensationprocess.
Fora giventemperature(fig.12),theshockoccurredata higher
lhchnumberinthenozzle@ the3,4-by3.4-inchtunnelthanin
thenozzlec&the4-by10-inchtunnel,the3.4-by3.4-inchtun-
nelnozzleexpmdingthefluwtoa Wch numberof2.00inlessthan
one-thirdthedistancerequiredbythe4-by10-inchtunnelnozzle.
Hencethedataobtaineathroughoutthenozzlesarenotgenerally
acceptableforuseh constructingcriterioncharts.

ThecriterionlogeJc wasaetemineausingvaporpressures
oversupercooledwaterratherthanoverice,eventhoughthe
streemtemperaturesintheregionofthecondensationshockwere
wellbelowfreezing.Althoughnoconclusiveevidenceregarding
thephysicalstateofthecondensationdropletshasyetbeen
obtainea,ithasbeenobservedthaticeformationsontunnelwalls
andmoaelsoccuronlyunderconditionsofextrememoist~econtent
andrecove~temperaturesclosetofreezing.Aniceformationon
theglasssisesofthe3.4-by3.4-inchtunnel(nozzleMachnm-
ber,1.45)issho~minfigure13fora clewpointofapproximately
70°1?andaninlettemperaturesuchthat,with90-percentrecov~y
ofthekineiiicenergy,thewalltemperaturewasa fewaegrees
abovefreezing.

Physical AppearanceofCondensationShock

Schlierenphotographsofcondensationshocksarepresentedti
figure14. Figures14(a)and14(b)arephot~phs ofa shock
locatedina channelhavingnocmvaturejustdownstreenofthe
throat,andfigures14(c)and14(a)arephotogra@sofa shockin
a nozzlehav3ngconsiderablecurvaturefrcmtheregionofthe
throattothetestsection.h figure14(a)theshock,locatea
justdownstreamofthethroat,appeareiiwell&efinedandextended
overa relativelysmalldistance;whereasinfigure14(b)theshock,
havingbeenmovedtitoa regionofhighervelocity,appeared~oorly
aefindandextended.overaconsidemblygreaterdistanceinthe
direction& theflow.Theshockinbothpositimsappeardtobe
normaltothestream.Inthenozzleha- considerablecurvature,
theshocklocateajustdownstreamoftheihrcatwasalsonormlto
thestreamandwellclefinedjaspresentedh figure14(c).Asthe
shockwasmoveddownstream,itagatirequireda greaterdistance
toattaincompletion(fig.14(a))andatthesamethe waschanged

11
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.

froma shocknormaltothestreamtoonehavinganX-shape.In
figure14(d),well-defineddisturbancesappearedtobepassedback
andforthacrossthetunneldownstreamoftheshock.

PracticalConsiderationsfor

Theobviouswaytoinsureflowthat
effectsistoeliminatethecondensation

TunnelDesign

isfreefromcondensation
shockbydryingorheating

theairorbothinaccordancewithcriterionssuchasthosepre-
sentedinfigure10. Therequirements,however,becomerapidly
prohibitiveasthetunnelMachnumberincreases.Specifications
mustthereforebeestablishedforthemaximumallowablevaporcon-

* tentoftheinletairatandbelowwhichcondensationeffectsare
negligible.Noattempthasbeenmadetodeterminepreciselysuch
criterions.Informationwasgatheredduringtheinvestigations
discussedherein,however,thatmaybeusedfora qualitative
approachtotheproblem.Themagnitudeofthec-e instatic
pressurealongthewallsofthetest-sectioninletswasobserved
forseveralspecifichumiditiesatMachnumbersof1.45and2.01
inthe3.4-by3.4-inchtunnelandata Machnuniberof2.00inthe
4-by10-inchtunnel.Thechangeinstaticpressureacrossthe
shockforthetwoMachnumibersispresentedinfigure15asa
functionofthespecifichumidity.Thedifferencebetweenthe
averagepressureratiobehindtheshock(pressureratioat B in
fig.5) andthepressureratiocorrespondingtotheminimum
pressureaheadoftheshock(pressureratioat A infig.5)for
stationsatthetest-sectioninletwasaveragedtoarriveatthe

P2- pl
changeinstatic-pressureratio Po offigure1.5.The

P2-PItheoretical— P. wascalculatedforMachnumbersof1.45and

2.00asa functionofspecifichumidityinaccordancewithappen-
dixB. Itappearsfromexperimentandtheorythatfora gives

P2-P1Machnumiber, increaseswithanincreaseinspecific
PO

P2-P1
humidityandthatthemagnitudeof — PO fora givenspecific

humiditydecreaseswtthanincreaseintest-sectionMachnumber.

.

—-
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. SUMMARYOFRESULTS

Fromanexperhentalinvestigationofcondensationshockina
> supersonictunnels,thefollowingresultswereobtained:9)

1.TheVolmertheoryofnucleiformationandanexpertiental
determinationoftherateofformationofnucleirequiredfora
condensationshockwerecombinedtoestablishcriterionsfor
condensation-freeflowina 3.4-by3.4-inchtunnelanda 4-by
10-inchtunnelwitha 14-inchtestsection.

2.Anincreaseininlettemperaturewasrequiredtoavoid
condensationwhenthetestsectionofthe4-by10~inchtunnel
waslengthened,inletdewpointandMachnumberremainingcon-
stant● Thisscaleeffectwasfoundtoagreewithunpublished
NACAdatafora tunnelfivetimesthesizeofthe4-by10-inch
tunnel.

3.Thestatic-pressureriseacrossa condensationshock
locatedinthetest-sectioninletofa tunnelincreasedwithan
increaseinspecifichumidityfora giventest-sectionlkch
nmber,and,fora givenspecifichmidity,decreasedwithan
increaseinMachnumiber,aspredictedbytheory.

LewisFlightPropulsionLaboratoq
NationalAdvisoryCommitteeforAeronautics

Cleveland,OMO,Jiie16,1949
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APPENDIXA

smEoIs .

Thefollowingsymbolsareusedinthisreyort:

CP specificheatatconstantpressure

Cv specificheatatconstantvolume

J titeofformationofnuclei,number/(see)(cc)

m 2/3
% ()

, ergsST

M Machnumber

m molecularweight& vapor,gram~ole

P sta~tionpressure

Pv partialpressure

P staticpressure

Pv partialpressure

%0 saturation-vapor
surface,mmHg

Pv/Pmratioofprtial
sure(relative

ofvaporatstagnation

ofvapor

pressureinequilibriumwithWini.teliquid

pressure& vaportosaturation-vaporpres-
humidity)

~ heataddedtoflowatcondensationshock,ft-lb/lbdryair

R universalgasconstant,doles/ (mole)

r radiusofagfyegate,cm

s surfacetensionofI.iqtid,dynes/cm

T inlet-airstagnationtemperature

Tc criticaltemperature(inlet-airstagnationtemperaturecorres-
pondhgtocondensation-freeflowata givenstation)

_——
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T~ inlet-airstagnationtemperaturecorrespcmdingto
condensation-freeflowintunneltestsection

t streamtemperature

v velocity,ft/t3ec

Y ratiod specificheats,cp/%

P density,gram/cc

P. densityd liquid,
b

0 syec5fic

T’ duration

Subscripts:

humidity,

gaml/cc

lbwatervapor/lbdryair

& stated greatestsupersaturation,sec

o bafore tunnel inlet “

1 beforecondensationshock

2 aftercondensationshock

..

—-— -. —..—...— —.. — ~ —— .— —.-. _.—.
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MODIFICATIONOFVOIMIIR

A theoryfordeterminingthezateaf

‘ZE30RY -

nucleiformtionispre-
sentedbyVolmerinreference2. Theprobabilityy oftheformation
ofnucleiisevaluatedtherein(p.1.36)as

[() ](9.5x 1025) + loge ~
2dEiJ +logeJT = loge T + 10ge

‘z

Pv ()()2S 312
2 loge~ - 17.49: +

m z
()

Pv
logey

a

where

(Bl)

9.5x 1025 combinationofphysicalqonstante,
[(.ficm)r

(niole2)(de# ~17.49 combinationofphysicalconstants,
(dyne3)(cc)

Thecombinations& theph~icalconstantswerecorrected
hereintoagreewiththecurrentlyacceptedvaluesd?theuniversal
gasconstantanaBoltzlmnn’8 constant.Accordingly,9.5X 1025‘WEIS
ChIl&iito9.589X 1025and17.49~S changedto17.558.

Durhgtheerrpnsioncd’theairthroughthetunnelandthe
accaqmn@ngchamgeinstreamtemperatureandvapor-~essure
ratio,theonlysignificantchangeinthevalueofthetermson
therightsidec&equation(Bl)occursinthelastterm,nowcor-
rected to

17.558

.

——
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0)
ccs

Theinherentdifficultyinap@@ng theVolmertheoryisapparent
UP examinationofthistermwhenitisrealizedthatthecorrect
valuesofsuzfacetensionanddensityd watermustbedetemined
forstrsamtemperatureswellbelowfreezing.Itisproposedthat
surfacetension,density,andmolecularweightbecombinedas

forpurposesofextnyolatingtheirknownvalues,inasmuchasthe
rateofchangeof KE withtenperatureisnearlyconstantoverthe
knownrange.A plotM KE calculatedfromthe~hysicalproperties
ofwaterimaccordancewithreference6 ispresentedinfigure1.
Because& theclifficulty afmeasuringthepropertiesd super-
cooledwater(theadmittedpossibilityforerrorisshownbythe
shadedarea),thee~eri.mentalupwardtrendaf Kx below273°K
wasneglectedandthedataabovethefreezbgpcdntwereextra-
polatedlinearlyto170°K. E? KE isintroducedtitoequa-
tion(Bl),andthedurationofcriticalconditionslogeT is

droppedfrombothsidesofequation(Bl),theequationmaybe
written

l~e J = loge9.589X 1025+ loge
[(W%l’2*]+

2P
2 loge~ - Z70558($~ge $7

m
(B2)

—-— ——. - -— —
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CHANGEIMEYIY!XEACROSSCONIEIWTIONS130CK

Theusualflowrelationsmaybeusedtoobtaina one-dimensional
appraimationofthechangeinstateacrossa condensationshock.
Thefollcndngassumptionsgreatlysimpldfythecalculations(see
followQ figure):

The

mt

r Condensation

v> 1

shock

shocktakes~laceatconstantarea,thespecificheatsbefore
aftercondensationdonotchange,thegasconstantoftheair
appreciablyaffectedbythemoistureoftheair,andallthe

mois~e cond&sesoutattheshockuntilsaturatio-nisreached.
Theenergyrelationmaybewritten

Relation(Cl)maybereemangedintotheform

A-+J_
M12

t2 Y-l+~
tl

1 %2 ‘
Y -l+=r

Withthemomentumrelation,

PI+ P1V12= p2+ p2v22

.

is

(cl)

(C2)

(C3)

.

‘,.
‘. . .
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and theperfectgaslaw,

P=m

andtheassumptionofconservationd
rearrangedtogive

1
%2 ~

*+-+-
=.

yRtl +

19

(C4)

mass,relation(C2)maybe

1 “12
Y -l+nr

(C5)~$$=(+”yy’
The valued? Ml maybedetemdnedfrm thecriterionschart
(fig.10)ifthespecifichumidityatitheinlettemperatureare
knmm. The correct value@ q isobtainedbya seriesatapprox-
iantions(temperatmeand q areinterdependent).Hence~ is
dete?mdned..TheeffectC&thecondensationshockuponthestream
pressuremaythenbedeterminedframequation(C3),rearmngedto
give

‘2 1 + y@
—=
PI

(C6)
1 + yl# .

Equation(C6)andtheisentropicrelation

may beusedto
infigure15.

( )-*=1++M2 - (c?)

thechangeinstaticpressureas~resented

1.Herman,R.: CondensationShockWavesinSupersonicWindTunnel
NOZZ&. BritishR.T.P.!b?ans.NO. L581,M.A.P.

2.Volmer,Max.:ICtnetikDerPhasenbil.dung.ChmischeReaktion,
Bd.l?T.K.1?.Bonhoeffer(DresdenundLeipzig),1939.

3.Oswatitsch,~.: CondensationPhenomeminS~erson.icNozzles.
BritishR.T.P.Trans.NO. 1905,M.A.P.

—..-—- -——.—. . ..—. ———— ———- — —— .—
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,
TABLEI- ~om al?CONDENSMTON

m suPER80mcFLOW

13westi- Test-seotion
gation Machnumber

1 Notestsection
2 2.01
3 Notestsecticm
4 1.45
5 1.45
6 1.45
7 1.45
8 2.00
9 2.00
10 2.01
11 2.00

Dew@nt
(oJ?)
M3-23.5

49
56+1
10.8
20.0
26.8
44.5
-5
-lo
17.3
19

Tunnel
(ill.)

3.4by3.4
3.4by3.4
3..4by3.4
3.4by3.4
3.4by3.4
3.4by3.4
3.4by3.4
4 by10
4 by10

3.4by3.4
4 by10

v

—--. — .——— .— - ——..
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